The aim of this systematic review was to investigate the association between the different factors of loading protocols and the long-term stability of micro-screws from biomechanical and histological viewpoints. Searches were performed on PubMed, Embase, Cochrane Library, Wanfang and CNKI databases for animal experiments comparing loading protocols and the long-term stability of micro-screws. Among 1011 detected papers, 16 studies met the eligibility criteria and were selected for analysis. Most studies showed medium methodological quality for evaluation of micro-screws' long-term stability. Five studies reported that loading would not destroy the long-term stability of micro-screws. Three studies indicated that low-intensity immediate loading or a 3-week minimal healing time was acceptable. Two studies reported that the loading magnitude was a controversial issue with regard to the micro-screws' long-term stability. Two studies suggested that counterclockwise loading could decrease the long-term stability of micro-screws. In conclusion, immediate loading below 100g force, healing time greater than 3 weeks, regular loading below 200g force and a clockwise direction of force supported the long-term stability of micro-screws. Further studies relating to the combination of varying loading conditions will be needed.
Introduction
In recent years, micro-screws have been widely used to reinforce anchorage during orthodontic therapy. Compared with traditional anchorage, such as extraoral headgear, TPA (transpalatal arch) or oral implant, micro-screws possess the advantages of small size, simple surgical insertion procedure, straightforward removal, lower cost and independence from patient compliance. 1, 2 However, orthodontic micro-screws tend to suffer a failure rate of about 10% to 30%, which is much higher than conventional implants. 3 The surrounding bone of micro-screws after insertion needs time to heal in order to provide stable support. 4 However, immediate or early activation of micro-screws is proposed in order to diminish the rehabilitation time and the period of orthodontic treatment. 5, 6 Therefore, scholars have evaluated the impact of healing time, loading magnitude, Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript. and loading direction on the stability of micro-screws in animal experiments.
The stability of micro-screws includes primary stability and long-term stability. Primary stability represents the mechanical interlock of micro-screws, which depends on the amount and thickness of cortical bone surrounding the micro-screw's threads. Long-term stability means biological ability to resist drop, and this stability is related to osseointegration. Immediate or early loading may inhibit the osseointegration process between the bone and micro-screw and may cause micromovements of micro-screws. 7 Many relative studies have been conducted to figure out whether micro-screws can be loaded immediately or within a few weeks after insertion and which loading protocol is more suitable for micro-screws' long-term application. However, the influence of loading protocols varies considerably in animal study results, and this causes confusion in clinical application. 8, 9 Therefore, analyzing and investigating the appropriate loading protocol of micro-screws is of great significance.
In clinical practice, the orthodontists' concern is which loading protocol would be more suitable. Although micro-screws are now widely used clinically, biomechanical and histological research about the influence of loading protocols on the longterm stability of micro-screws is still confusing and limited. In this study, we aimed to systematically review and critically analyze the factors of loading protocols that affect the long-term stability of orthodontic micro-screws from biomechanical and histological viewpoints.
Methodology
The protocol of this review was developed before the start of the study, and the whole process was under the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement and the Cochrane Handbook for Systematic Reviews of Interventions (version 5.1.0). 10 Because the studies in this review were based on animals, the protocol was not registered in the Prospero database.
Search strategy
An open-ended electronic search was conducted through PubMed, Embase, Cochrane Library, Wanfang and CNKI (China National Knowledge Infrastructure) databases through the end of May 2018. No setting and language restrictions were applied. The search strategy included appropriate changes in the keywords and followed the syntax rules of each database. The aim of this search was to identify all the papers dealing with the long-term stability of orthodontic micro-screws evaluated under different loading conditions and that considered biomechanical and histological parameters. Terms used in the search included micro-screw (mini-screw, micro-implant and mini-implant), load/force and stability.
A search of the selected papers' references was also performed manually. Furthermore, the American Journal of Orthodontics and Dentofacial Orthopedics, Angle Orthodontist, European Journal of Orthodontics and Clinical Oral Implants Research were manually searched.
Selection criteria
The specific inclusion criteria for studies were as follows: a. Controlled trials in animals; b. Studies evaluating the long-term stability of micro-screws by considering the biomechanical values of maximum removal torque or histomorphometric values of bone to implant contact; c. The experimental group and control group defined the application of loading force.
The exclusion criteria for studies were as follows: a. Reviews articles, case reports or clinical trials; b. Studies exploring measurement methods.
Study selection
Studies were firstly selected by two reviewers on the basis of the title and abstract. Whenever there was a doubt about whether the study should be included, a complete article review was conducted. If there was a conflict or disagreement between two reviewers, a consensus or a third experienced reviewer was requested to arbitrate the result.
Methodological quality and risk of bias analysis
A quality evaluation of the methodological soundness was performed according to the guidelines described in the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. 11 The seven main evaluation criteria were selected and listed in Table 1 . A study was graded to have high quality with low risk of bias if it reached more than three "yes" answers to the seven criteria, moderate quality with moderate risk of bias if it reached two or three "yes" answers, and low quality with high risk of bias if it reached only one "yes" answer.
Two reviewers examined and evaluated the methods and results sections of each study independently, differences were solved by rereading and discussion until consensus was reached. The risk of bias graphic was generated by using Review Manager Software (5.1, Revman Version, Cochrane Community).
Date extraction and approach to synthesis
Studies were identified during the search process by keywords; then, the included articles were well studied by two reviewers, and the following data was collected: author, year of publication, animal type, insertion region, total number of micro-screws, size of micro-screws, loading force, observation time, failed number of micro-screws, failure rate, and the values for MRT and BIC.
A meta-analysis would be conducted if the summary effect size fitted the following criteria: low risk of bias in studies, consistent effect size across studies, low reporting bias, a high number of studies and low heterogeneity between studies. Such a qualitative synthesis would be conducted systematically by comparing the results from individual studies if the heterogeneity was high, summary effect sizes were inconsistent and risk of bias across the studies was high. 
Results

Study selection
From the studies found by the keyword search, a total of 1011 records were found. After removing the duplicates, there were 458 studies left. The systematic selection by inclusion criteria and exclusion criteria resulted in 16 studies, 13 studies in English and 3 studies in Chinese. The flow of the selection process is shown in Figure 1 .
Quality analysis and risk of bias assessment result
The methodological quality and the risk of bias analysis were evaluated with rigorous precision and the result is shown in Table 1 . Among the 16 studies, 10 studies were categorized as medium quality with a medium risk of bias, and no study obtained an evaluation of high quality. The remaining six studies were considered to be low quality with a high risk of bias. The percentage and summary of the differences between assessment results of the methodology of studies is shown in Figure 2 and Figure 3 .
Based on the results of quality analysis and risk of bias analysis above, the data were not suitable to conduct a meta-analysis of the summary evaluation items. Therefore, a systematic review was conducted.
Study characteristics and study classification
Overall, the analyzed data was based on 102 animals and 450 micro-screws that were used. The detailed description and summary of the characteristics of the 16 included studies are given in Table 2 . According to the types of loading intervention, these 16 animal studies reporting the influence of variable loading conditions on the longterm stability of micro-screws could be categorized into following four groups.
Group 1: Loading or not
Six studies were classified into this group. The data collection results showed that five studies 12, 13, 14, 15, 16 reported no dropping of the micro-screws in either the loading or non-loading groups, and only one study 17 reported the dropping of micro-screws; the failure rate of the loading group was lower than the non-loading group. As for MRT values, one study reported lower values in the loading group compared to the non-loading group (p < 0.05). However, in another study with more samples per group 13 , the difference in MRT values between the loading group and the non-loading group was not significant (p > 0.05). Three studies 14, 15, 17 reported that there was no statistical difference in BIC values between the loading group and the non-loading group (p > 0.05), while only one study 16 reported that the BIC values in the loading group were higher than those in the non-loading group (p < 0.05). 
Group 2: Healing time before loading
Six studies were classified into this group. There were three studies 18, 19, 20 that did not report the dropping of micro-screws in the evaluated healing periods. One study 21 reported a failure of one micro-screw in the 3-week healing time group, and it also showed that the MRT values in the 3-week healing time group were significantly lower than other groups (p < 0.05). As for BIC values, one study 22 reported a higher value in the 6-week healing time group compared with the immediate loading group (p < 0.05). Another study 19 showed that the BIC values in the 4-week healing time group were higher than those in the 2-week healing time group (p < 0.05), and the BIC values in the 2-week healing time group were also higher than those in the immediate loading group (p < 0.05). However, three studies 18, 20, 23 reported that the difference of BIC values between various healing time groups was not significant (p > 0.05).
Group 3: Loading magnitude
Two studies were classified into this group. One study 24 without statistical analysis results reported the drop of one micro-screw under a high-intensity load of 500 cN, and the MRT values in the 500 cN force group were lower than both the 100 cN force and 300 cN force groups. However, the 500 cN force group had a higher BIC value than both the 100 cN and 300 cN force groups. The other study, 25 also without a statistically significant p-value, reported that the BIC values in the 100g force group were lower than those in the 200g force group.
Group 4: Loading direction
There were two studies comparing the effect of clockwise and counterclockwise load on the long-term stability of micro-screws. One study 26 calculated the MRT value, and the result showed that the value in the counterclockwise load group was lower than that in the clockwise load group with a statistically significant difference (p < 0.05). The other study 27 calculated the BIC value, and the outcome suggested that the value in the counterclockwise load group was also lower than that in the clockwise load group (p < 0.05).
Discussion
The selection of several articles of a single study could mislead the real effects of an intervention. 28 In this systematic review, two articles 24,29 based on the same study were published by a single author. The author separated the experimental result into two parts according to the evaluation items and published two papers-one on the biomechanical outcome and the other on the histological outcome. During the study inclusion process, we combined these two articles into one study.
A systematic review's cornerstone is based on the assessment of risk of bias, and it can be used as a framework to explain conflicting outcomes. The risk of bias evaluation in this systematic review followed the ARRIVE guidelines. To our knowledge, there are no specific guidelines existing for an in vivo database. In 2010, the ARRIVE guidelines were published to address the growing concerns with poor experiment design and lack of transparent reporting of in vivo experiments 11 . The guidelines consist of a checklist of 20 items, and we took seven main criteria for the evaluation of methodological quality and risk of bias analysis.
Although the outcome evaluation items of the selected studies were quantitative data, the data together were not suitable to conduct a quantitative synthesis, as the heterogeneity between the studies in each group was high. This heterogeneity could be caused by the following factors: differences in animal models and insertion into bone tissues; differences in the diameter and length of micro-screws; differences in the magnitude of load; differences in observation time for long-term stability evaluation and differences in the calculation number of samples. Therefore, a systematic review was conducted.
Loading or not
Some researchers have investigated the effect of loading force on the bone healing process and whether loading is disadvantageous to the long-term stability of micro-screws has been under discussion. In summary of the qualitative data analysis results, 5 of the 6 studies reported that loading would not destroy the long-term stability of micro-screws, and the difference between the loading group and the non-loading group was not significant.
Regardless of immediate loading, Serra 12 found no statistical difference between the loading and the non-loading group when evaluating the MRT and BIC values. Moreover, loading did not affect the amount of osseointegration in the tensional and compressional areas, and there was no statistical difference between two areas. Later, Serra 15 designed another study to evaluate the interface reactions at different stages of osseointegration around micro-screws that were immediately loaded with 1 N. After 1-week and 4-week healing times, they found that there was no histologic difference in BIC and BA values between the loading group and the non-loading group, which suggested that the formation of native lamellar bone would not be impaired by immediate loading. After a 12-week healing duration, the bone deposition rate was greater in the loading group, indicating that proper loading may improve the extent of final osseointegration and the long-term stability of micro-screws. This finding was consistent with the previous research result reported by Luzi, 30 who presented an investigation to evaluate the reaction of bone tissue to immediate loading (50 cN) of micro-screws.
As biomechanical and histological evaluation items can be influenced by many factors, additional concern should be given to the loading protocols and animal species when comparing different relative reports. Recently, Catharino 14 quantified the process of bone healing around micro-screws during four different time periods, with or without immediate loading. They found that the histomorphometric values for BIC increased significantly throughout the healing period, regardless of whether a load was applied. They suggested that the loading of a light, immediate and continuous force (50 cN) would not negatively affect the process of new bone formation; rather, it activated the process of tissue adaption and the remodeling of surrounding bone.
Although micro-screws can withstand loading forces of 250-300 g during the treatment period, many scholars still emphasize that an immediate load greater than 100 g will cause a higher incidence of bone fractures and loss of micro-screws in the long run. 14, 15, 30 In order to reduce marginal bone fracture and obtain long-term stability with loading, a low-intensity load below 100 g force and predrilling of cortical bone before inserting micro-screws were advised.
Healing time before loading
To shorten orthodontic treatment time, immediate or early loading of micro-screws after insertion is desired. Is immediate loading beneficial to osseointegration in the long-term period? How long should we wait before loading to get sufficient long-ter m stabi lit y? Melsen 31 obser ved t he bone-implant contact area that was under early loading and found that the interface was lacking intimate bone contact because of the interplay of fibrous tissue. However, Aldikacti 32 suggested that after 6-week healing time, micro-screws obtained enough biological fixation and were able to resist a load. Recently, some scholars 30, 33 presented that 1 or 2 weeks of healing time before loading was enough for micro-screws to become stable. As we can see, the published papers have not produced an united answer. In summary of the qualitative data, 3 18, 20, 23 of the 6 studies reported that the various healing periods tested before loading had no influence on the long-term stability of micro-screws, and low-intensity immediate loading or a minimum of 3 weeks of healing time was acceptable. Two studies 19, 22 indicated that a period of healing time before loading was beneficial for the long-term stability of microscrews. The last 21 study reported that loading after 3-week healing was disadvantageous to the stability of micro-screws.
Zhao 34 designed an animal experimentation and found that both osseointegration and peri-implant trabecular bone density in the immediately loaded and 1-week healing time groups were significantly lower than that in the 3-, 5-, and 7-week healing time groups, and there were no obvious differences between the 3-, 5-, and 7-week groups. They concluded that after 3 weeks of healing time, the bone-screw fixture was strong enough to support loading. This was supported by another study reported by Zhang, 19 which used micro CT to provide comprehensive observation of the bone-screw surface in three dimensions. Their result showed that there was a significant rising tendency of micro-screws' long-term stability as healing time went by, and after 3-week healing time, the integration of micro-screws was strong enough for clinical use. Therefore, early loading after a 3-week healing duration may have a positive impact on the long-term stability of micro-screws.
However, some scholars came up with different opinions. Paula 23 designed three loading time points (immediately, after 15 days and after 30 days) to evaluate the effect of healing time on micro-screws' stability. Regarding the values of BIC and BA, there was no statistical difference among the three groups. The author confirmed that early loading would not affect micro-screws' stability, and this could be supported by other studies. 15, 35, 36 Recently, Ramazanzadeh 37 designed an animal study and found that at 8 weeks, BIC values of the immediately loaded group were slightly less than the 4-week healing time group, and the differences were not statistically significant. It confirmed that healing time had no obvious effect on micro-screw's stability.
From the above discussion, it is possible to apply loading immediately after insertion, but this may differ depending on the species of animal, the quality of surrounding bone, the types of micro-screws and the loading magnitude. Therefore, for safety, a minimum healing time of 3 weeks was suggested for micro-screws' long-term stability.
Loading magnitude
Micro-screws have mainly been used as orthodontic anchorage systems to withstand load. Although the powerful function of micro-screws in clinical application has been confirmed, less is known about their long-term stability with respect to loading magnitudes. The loading magnitude applied to micro-screws has always been a controversial issue, just as the inconsistent qualitative data from the two selected studies showed.
Buchter 24 gained insight into the optimized loading magnitudes of micro-screws and found that as long as loads did not exceed a tolerable strain level, the loading would not impede the process of peri-implant bone healing. They suggested that by controlling loading magnitude under a threshold of 300 cN, micro-screws can be loaded immediately and obtain a high mean removal torque without reducing the micro-screws' long-term stability. As relative studies continued, most of the scholars 38, 39, 40 indicated that micro-screws would loosen gradually and face dropping when the loading magnitude reached above 200g, and the suggested magnitude was between 100 g and 200 g.
In conclusion, the relative studies above indicate that a moderate loading magnitude of 100-200g will not impact the long-term stability of micro-screws. But once we have confirmed the exact kind of loading magnitude that is beneficial to the long-term stability of micro-screws, we should also investigate whether this force will compromise the effect of tooth movement or increase the risk of root resorption.
Loading direction
Most micro-screw studies estimated only simple lateral forces on the long-term stability of micro-screws, and few studies have reported the effect of loading direction on the stability of micro-screws. In summary of the qualitative data, two studies reported a consistent conclusion that counterclockwise loading compared with clockwise loading could decrease the long-term stability of micro-screws.
Cho 27 studied the effect of loading direction on the long-term stability of micro-screws. They found that the BIC values in the counterclockwise group were much lower than those in the clockwise group at 12 weeks after insertion. Therefore, counterclockwise loading was considered the reason for loosening of micro-screws and poor long-term stability. Later, Park 26 did a more detailed study in rabbit tibias and found that the removal torque values were similar in the lateral, clockwise and counterclockwise groups after 1 week of healing. After 8 weeks of healing, the counterclockwise group had a larger bone defect area than the control and clockwise groups. This may be the reason that counterclockwise rotational movement loads more pressure on the bone surface.
Although extensive studies have not yet been performed, it is accepted in clinical application that loading with counterclockwise rotational movement may be a risk factor for the long-term stability of micro-screws. Thus, counterclockwise rotational movement of a large magnitude should be avoided. 13 As counterclockwise loading is in the direction of loosening micro-screws, we suggest that a large magnitude of force or continuous force loading should be delayed.
As discussed above, immediate loading below 100 g force, more than 3-week healing time, regular loading under 200 g force and a clockwise direction of force contributed to the long-term stability of microscrews. However, most of the existing studies only evaluated the effect of one loading condition factor on the long-term stability of micro-screws. Additional studies pertinent to the combination of loading magnitudes, loading periods and loading directions will be needed to determine which combined loading condition is better for micro-screws to obtain sufficient long-term stability.
Conclusion
In this systematic review, the failure rate, the biomechanical item of MRT values and the histomorphometric item of BIC values were analyzed to evaluate the long-term stability of micro-screws, and the following results were obtained: a. The presence of an immediate load below 100g force will not inhibit the osseointegration process or affect the long-term stability of micro-screws. b. Although micro-screws' long-term stability will not be influenced significantly by various healing periods before loading, it is still emphasized that micro-screws can be strong enough to support loading after a minimum healing time of 3 weeks. c. A moderate loading magnitude of 100-200g will not impede the process of bone remodeling and has no obvious effect on the long-term stability of micro-screws. d. Compared with clockwise loading, counterclockwise loading may be a risk factor for reducing the long-term stability of micro-screws.
